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ABSTRACT

In this paper, LMI (Linear Matrix Inequality) based on H, controller for a line of sight (LOS) stabilization
system. It shows that the proposed controller has more excellent stabilization performance than that of the conventional
Pi-Lead controller. An H,, control has been also applied to the system for reducing modeling errors and the settling

time of the system. The LMI-based H,, controller design is more practical in view of reducing a run-time than Riccati-based
H_, controller. This H_ controller is available not only to decrease the gain in PI-Lead control, but also to compensate

the identifications for the various uncertain parameters. Therefore, this paper, shows that the proposed LMI - based
H._, controller had good disturbance attenuation and reference input tracking performance compared with the control

performance of the conventional controller under any real disturbances.

Keywords : Stabilization System, Line-of-Sight (LOS), Linear Matrix Inequality (LMI), Robust Control, Tracking,
Disturbance, Gimbal System, . Controller, PI-Lead Controller

the magnitude of disturbance and the controller. The

1. Introduction stabilization error of this system mounted on the ground
vehicle lies in between 0.05mil and 0.25mil. There exist
Modern weapons system is precise sophisticated and disturbances such as bearing friction, unbalance of mass,
automated as scientific techniques develop. A line of sight spring force by sensor and actuator and force occurred
(hereafter we call it LOS) stabilization system mounted by the inertial moment and geometric relation. Among
on ground vehicles is operated as both synthetic sensor them, the friction is the main factor to decrease the
package and mechanical stabilization system. Even tracking performance at low speed and the stabilization
though the vehicle is moving, its LOS stabilization system performance Pl This LOS stabilization system plays an
is used as a device which enables the operator to fire important role in increasing mark hitting rate by means
exactly for target recognition and detection. This LOS of tracking the target well and stabilizing the LOS under
plays an important role in keeping recognition at the the turret's and the vehicle's movement. Nowadays, this
target and stably tracking the operator's handle command. study on the given system has been continuously achieved
The LOS stabilization system is thereby important in that in solving the overall disturbance problems plus the torque
it provides a stabilized LOS to operator and sends the disturbance by the gu}l’s elevation motion, improving the
target's position into fire control system U In the guidance tracking performance and reducing the drift problem like
indication system, the LOS stabilization system enables a trouble shooting by the mirror's motion occurred in
the operator to control the gun and turret by tracking the errors of the velocity control system 1 and the
the target well "), These functions of the system is references therein.
achieved to implement the angular velocity control this This paper is concerned with the design of an LMI
servo and stabilization function of system is loop by using -based H., controller for the track vehicle. The
gyro as an inertial sensor. Moreover, this servo and control algorithm is also employed in view of dealing
stabilization function of system is closely related with with the robustness against the factors such as nonlinear
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characteristics, parametric change and modeling error.

This paper is organized into as follows. First, the
descriptions on the structures of stabilized mirror and
a LOS stabilization system, and the derivation of
nonlinear equation of motion and mathematical
modeling considered by dynamical characteristics.

Second, an LMI-based Hx
introduced and the many formulas are suggested to
design the controller for the given system.

control theory is

Finally, the formulation is performed to design the
proper controller for this system and then the simulation
is achieved for the performance in comparison with that
of the conventional controller after the H® controller
design for the specification

2. Characteristic and Structure of a LOS
Stabilization System

2.1 Stabilization System

The gimbal is, as shown in Figure 2.1, composed
of the gimbal housing, platform, stabilized mirror and
inertial balancer and the object is observed through the
stabilized mirror. Also, it uses the 2-axis driving
mechanism. The gimbal system used in this study is a
type of belt-driving, which has a simple mechanism
and is able to employ the inertial balancer to improve
the stabilization performance at elevation. The

components is described as follows.

Fig. 2.1 A line of sight stabilization system

Electronic unit of stabilization system is activated
by obtaining the voltages 24 V plus minus 6 V from
the vehicle and is in charge of all works for

stabilization. It basically judges the condition and the
physical quantity obtained from the sensor and drives
the motor by calculating the proper control quantity. As
a result, the stabilized mirror is also controlled by the
above sequence. Apart from the main servo components
of system, the self-tests on the processors such as AD,
DA converter and the initialization of system are also
calculated. The overall network of system focused on
a electronic device used for stabilization and servo

control is shown in Figure 2.2.
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Fig. 2.2 Electronic network of stabilization system

2.2 Operation Modes of System

The driving program is performed from reset
circuit's activation after the power is supplied to the
system. Before the main program's execution, power-
on self-test for the main assembly of stabilization
system is performed and then the initialization works
to execute the main program. The control of system
starts after this initialization. If there are no faults in
power-on self-test and system initialization, the main
program can be executed. The operation mode is
divided into three modes; stabilization, follow and aut
o-drift compensating mode.

The stabilization mode is an angular velocity control
loop driven by handle input command and the important
operation mode mainly used in the vehicles motion. The
specifications of design are shown in Table 2.1. The
velocity control loop in a stabilization system can be
shown as Figure 2.3.
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Fig. 2.3 Velocity control loop in a LOS stabilization
system

Win/Wout : Input/Output of angular velocity,

Gg(s) : Gyro, Ge(s) : Controller,

Gm(s) : Motor, Gp(s) : System(Gimbal),

Ki(s) : Precession Scale Factor(Gyro)

Table 2.1 Design performance of stabilization mode

Contents Objectives
Bandwidth Over 30Hz
Velocity of motion at | Max. over 107/sec
elevation Min. below 0.25mil/sec
Velocity of motion | Max. over 40°/sec
at azimuth Min. below 0.25mil/sec

Below 0.1 mil RMS
Below +1.5% or £0.3mil
Below 0.2 mil/sec

Over 3 rad/sec?

Stabilization accuracy
Tracking accuracy
Drift
Acceleration capability

The follow mode is operated on the time when the
stabilization mode can't work normally or the initial
adjustment of system is set up. Furthermore, this mode
is an angle control loop which well tracks the command
of ballistic trajectory calculator, sending the signal into
the fire control system.

Fig. 2.4 Equipment setup for obtaining data

80

Figure 2.4 shows the experimental device setup for
the comparison of step response between stabilization
and follow mode and the data of experiments are shown
by the oscilloscope and the plotter.

3. Mathematical Modeling

The gimbal is composed of the gimbal housing,
platform, stabilized mirror and inertial balancer, where
the gimbal housing mounted on the base structure
moves at azimuth direction. The platform mounted on
the gimbal housing rotates at elevation direction, which
has the 2-axis gyro as the inertial sensor, and forms
the angular velocity control loop stabilize the platform
inertially. The stabilized mirror also mounted on the
gimbal housing has the parallel rotation shaft with that
of platform and moves at elevation direction. The
stabilization at elevation is to keep the stabilized mirror
into a half as much as this motion for the vehicle's
azimuth motion and is achieved to control the platform
by the gyro. Inertial balancer mounted on the gimbal
housing moves at elevation. Its rotation shaft is equal
to those of platform and stabilized mirror, and the
platform is linked with the stabilized mirror by wire
band. If there is no slip between inertial balancer and
wire band, the inertial balancer stabilizes the platform
inertially by the dynamic relations under no other
forces. If considered with the kinetic energy of rigid
bodies and the elastic energy of the wire band in order
to derive the equation of motion, the following equation
is obtained by using the Lagrange equation.

A T-WN\_HT-V) _
a’t( o0, ) i Q: 3.1
Before deriving the equation of motion, the

following assumptions are made. First, there exists the
center of weight of the gimbal housing, platform,
stabilized mirror and inertial balancer on one plane.
Second, the center of weight is in accordance with the
center of rotation. Third, the velocity and the angular
velocity can be measured.

3.1 Dynamic Equations
For convenience and derivation of equation, the
rectangular coordinates attached to each rigid body are
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used in this section. The kinetic energy of the overall
gimbal system is represented as (3.2) by solving of the
kinetic energy of each rigid body and using the existing
kinematics and the angular velocity [3], and the
references therein.

T =Tt Tp+ Tyt Ty

_1 : speay 1S G, G
- 2 me zZIV? V? + 2 ;le'wzwt
3
+ 5w, R VIV skt (D)
1 3 e, 12 M M
+—2‘mMZIV, Vi +7 ZlMl'(U,C()Z

3 3
+gmy 2 VEVE L 3 Bl

T : Kinetic energy of the gimbal housing
Tp : Kinetic energy of the platform
Tu : Kinetic energy of the stabilized mirror

Tz : Kinetic energy of the inertia balancer

The potential energy of gimbal system is divided
into two parts; one is an elastic energy V/, by wire band
and the other is a potential energy V, by gravity. Elastic
energy by wire band and stiffness is represented as
follows.

V,= %Kl(rpﬁp— rM9M>2+%KZ(rB(93— 7,0, 63

+%Ks(7’a}9u” rp0p)*

Also, the stiffness of wire band is given as

where E and A is the elasticity coefficient of wire
band and area, and L, L, and L, is the length of band
between the platform and mirror, between the platform
and inertial balancer, and between the inertial balancer
and mirror. In addition, the potential energy by gravity
is following that

Ver = —{my+m) - my g(~ 5B,
Vo= — 8, Mg g(—h),
(3.4
Vg = _ga. mp g(__k)’
Vip= —(P,+B) - mp g(— k).

81

Thus, the potential energy V of the gimbal system
is the sum of (3.3) and (3.4).

V=Vt Vart Vgt Vog+ Voo 3.5)

The generalized forces include the forces varying
according to the working time and the non-conservative
forces unable to derive from potential energy. The
generalized coordinates ¢, are the rotation angle 6., 6,

and @5, and the generalized forces with respect to the

generalized coordinates are represented as follows.

QBG = TmG — Tse

Qa,,: Top— Tsp,

(3.6)
Qo= Tsm
QoMz — T m

where T, and T, indicates the external torques
of rotating the gimbal housing at azimuth and of rotating
the platform at elevation. The angular contact ball
bearing is installed on the rotation shaft of the gimbal
housing and the friction of bearing can be changed by
pre-pressure and lubricant which are excited in the
assembly of the system.

3.2 Simplification

The equations of motion are solved to use the
Lagrange equation (3.1) and the nonlinear equations of
motion for generalized coordinates §,, 6p, 65 and 4,
are given as follows .

The above nonlinear equation can be simplified by
the following assumptions.

First, there is no motion of base structure, that is,

Second, the stiffness of wire band is infinite, for the
identification of friction is achieved within the low
frequency range, that is,

velp= ryly= 7,0,

Also the gimbal system is decoupled at each
direction, i.e., it can be driven independently. Therefore,
the simplified equations of motion are obtained as
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follows

Ja0ct 1= Thes 3.7

Jgbpt = T,p, (3.8)
where J, and J; are the inertial moment, and 7z
and r; are the friction at each direction. The azimuth

and elevation inertial moment are represented as follows

Ja= Gyt By+ Pyt My/2+ My /2 + mpbl + m gl 39)
+ mygmomy+ mIV 2) + m by (py— ) .

2 NEAE 75 \?
Je= P+ mp®+ (M + mym )(’;7) + B 7’_,,) (3.10)

4. LMI-based H_ Controller Design

4.1 Preliminaries
This is concerned with the standard H,, control
problem. Given a linear time-invariant plant P(s) with

t1oy

state-space equations " -, and the references therein.

x= Ax + Bw + Byu,
z = Cx + Dyw + Dpu, 4.1

y = Cx + Dyw ,

the 7-suboptimal H_, synthesis problem consists
of finding stabilizing
u = K{(s)y that makes the closed-loop L, gain from

an internally controiler

the disturbance w to the error signal z less than 7.
If T,,(s) denotes the closed-loop transfer function from

w to z, this control objective can be formalized as

I Tl <7 s (4.2)

where the H., norm of a stable transformation is

defined as its largest gain across frequency :
1 G() | o = SUD G o (G(i )

In this standard formulation, one of the H,, problem

is a disturbance attenuation. Throughout this paper, we

only assume that (A, B,, C;) is stabilizable and

detectable. Singular plants with ja)-axis zeros in
P,(s) or Py(s) or rank deficiencies in D), or D,
are therefore encompassed by this approach. The

nxn

problem dimensions are summarized by Ae R"",

Dy R b ye sz’ we R™.
For brevity, we only discuss the computation of ful
l-order H,, controllers, i.e., the controllers of the same

order # as the plant.
Given a realization

K() =Dp+ Cp(sI—Ay) 'Bg, Age R™"  (43)

of the controller K(s). a realization of the closed-loop
transfer function from w to z is given by

Twz(s) = Dc1+ CCI(SI_ACI) - 1Bcl

where
A+ B,DgC, B,Cg
Ad:
B+ ByDgDy
Bc[: »
BgDy

“4.4)
Ca=( C1+D,2DKCZ DyCrl,

D,=(Dy+ DIZDKDZI) .

We now briefly review the LMl-based H,
approach to H,, synthesis. The bounded real lemma,
interval stability and the H_, norm constraint are jointly
equivalent to the existence of X, > 0 of dimensions
2nx2n such that

AZ‘]'XCI_'—XCIAIJ Xcchl CZI
BIX. -y D | <0 “5)
Ccl Dcl - 7[

where the unknown matrices are the Lyapunov
matrix X, and the controller matrices entering in A,
By Coand Dy
solving(4.5) is

Hence, not an LMI problem.
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However, this can be reduced to an LMI problem by
the elimination of the controller matrices. With the

notation
.QKzz( Ak BK) (4.6)
k Dk
the inequality (4.5) can be written as
Z+ P10+ QT2kP< 0 4.7

where the matrices Z, P and  depend only on X,
and the plant data. We call this LMI in Q the
controller LML

Explicit formulas have been derived for LMI-
based H, controllers in continuous time contexts.
These formulas are particularly suited for numerically
stable implementation and bring insight into the
controller structure "?. They have been successfully
implemented in the LMI Control Toolbox for use
MATLAB "\

4.2 Requirement for Controller Design

The H,, controller of the given system is designed
to satisfy the necessary conditions for the design
specification. In particular, the angular velocity must
keep track with its operator's command.

The range of gimbal's motion must lie between
-10°and 20°in the elevation direction on the installed
side of the stabilized mirror, and must be -3°and 3°in
the azimuth direction.

In case that the mirror is subjected to gun and turret,
the static position accuracy from electrical signal to the
LOS must be as follows.

Elevation : -10°< ¢ < 20° error A &
Max. 0.25 mil
Azimuth : -3°<n <3° emror A7

Max. 0.20 ml

The stabilized head mirror must produce the
minimum 10 °/s in the elevation and the minimum
40°/s in the azimuth.

In the limit of LOS tracking accuracy is angle
between -10°and 20°at elevation, and between -3°and
3°at azimuth, The error of the excited velocity command
and the real LOS velocity must not exceed the
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maximum 1.5 % or 0.3 mil/s.

The drift occurred by the stabilized gyro is adjusted
on each axes in 5 minutes after the power is supplied,
and then the mean of drifts which is measured after 5
minutes again must not exceed +0.025 mil/s. The range
of drift adjustment must not be smaller than =1 mil/s.
The bandwidth of this loop shouldn't be smaller than
30 Hz in both axes.

The bandwidth of this loop also should be at least
10Hz in both axes.

4.3 Formulation of LMI-based H_

Controller Problem
As previously satisfied with the design specification
for H,, controller, the generalized plant is constructed

as Figure 4.1.
. wi(=r) w2 43
y N *
LS e S o T
Go(s)
* K(s)
Fig. 4.1 The generalized plant for H_ -controller

design

where G,(s) is the nominal model including the
motor and the gimbal as the control plant and W,(s)
and Wy(s) are the weighting functions for the input and
output of G,(s) respectively and K(s) is the designed
H,, controller. Also, we define the reference input »
and the plant input disturbances as the external input ),
and w,, the control objectives z, and z, as the error

between the plant output and » and the control input
. In addition, the closed-loop transfer function G,,(s)

from w,, w, and % to z,, 2z, and y is given as

follows
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Wi(s) W()E(s) Wi(s)G(s)

3!
1
2| = 0 0 Wy (s) 4.8)
y I E(s) G(s) u
where E(s) is the transfer function from the

disturbance w, to the plant output. By realizing the
state variables for G,(s), E(s), Wi(s) and W(s) into
(4.9), the given generalized plant can be represented as

the state space model U9 and the references therein.

o Bo A, B,
G,(s) = , E(s) = ,
. D, c, E,
A wl B wl A w2 B w2
Wi(s) = , Wi(s) = [
c wl wl c w2 D w2
(4.9)
Awl 0 —-B wl Co Bw1 0 0
=0 A, 0 xt+] 0 Bglwt]| 0w
0 0 A, 0 E, B,
(4.10)
Cwl 0 - le Ca le 0 0
z= x+ w+ u
0 CWZ 0 0 0 DwZ
@.11)
y=[00 —CJlx+[171 0lw 4.12)

4.4 Simulation Results and Remarks

To compare the performance with the existing
controller, we deal with two cases in the elevation
direction; one is the case with disturbance and the other
is under no disturbance. Figure 4.2 shows the step
response characteristics of the proposed H., controller,
compared with that of the conventional PI-Lead
controller under some disturbances. The maximum
overshoot of H,. controller is 38 % and its settling time
is 0.09 second, while the maximum overshoot of
Pl-Lead controller is 60 % and its settling time is 0.3
second. Thus, It can be known that this proposed H.,
controller has better performance in step responsc under
no disturbance. The step response is also considered
under some disturbances. Figure 4.3 presents each step
responses of Pl-Lead controller and H_ controller
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when the angular velocity step disturbance 0.5 mil/sec
is occurred at 1 second. In both controllers, the 0.5
mil/sec is decreased in the step response at that time,
but PI-Lead controller has a steady state error at 0.21
second and H, controller has it in 0.06 second
respectively after the disturbance entered. Therefore, it
can be known that the disturbance rejection of H,

controller is so good in the control performance.
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0.4

Reference
Pl-Lead
H~infinity

0.2

D2 0.25 03 0.35 0.4 045 0.5

Time(sec)
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Fig. 4.2 Step response without disturbances
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Fig. 4.3 Step response under step type output disturbance

The simulations inspecting robust performances
such as disturbance attenuation and reference input
tracking are accomplished in the elevation direction.
Figure 4.4 (a) shows that the maximum overshoot of
the proposed is smaller than that of PI-Lead controller,
but they have overall similar responses at 20 KPH in
the paved road. However, the faster the velocity of the
vehicle is, the worse the responses of PI-Lead controller
while that of H,, is not so bad in Figure 4.4 (b). Also,
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Figure 4.5 indicates that both responses of controllers
have an inclination to be worse in faster motion, and
badly shaped road because nonlinear factors of the
system are more affected in faster motion than in slow
motion.

In addition, as ill shaped road have worse effects
on the vehicles' motion, their controliers can't have a
good stabilization performance. Compared with the
Pl-Lead controller, H, controller has better robust

performance even against real disturbance and nonlinear
uncertainty.
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—— H-infinity
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Fig. 44 Angular velocity response under paved road
disturbances ((a) 16KPH (b) 32KPH)

Consequently, these results indicate that the

proposed H., controller has a better tracking
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performance for the reference input than that of the
conventional Pl-Lead controller under no disturbances.
In addition, the proposed H,, controller has a better
performance for disturbance attenuation and reference
input tracking under any real disturbances.
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Fig. 4.5 Angular velocity response under bump course
disturbances ((a) 16KPH (b) 32KPH)

5. Summary and Conclusions

5.1 Concluding Remarks

It is necessary to design the robust controller against
the modeling error and disturbance, even where the
applied LOS stabilization system can achieve the
independent servo function and stabilization function
and drive in two directions respectively. In this paper,
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these nonlinear characteristics are investigated by the
experiments such as the bandwidth, transient response
and the mirror chattering in a halt, and the disturbances’
effect on the system are scrutinized in time and
frequency domain. In designing controller, we inspected
the accurate dynamics of the system in order to keep
a better LOS under a variety of disturbances, and
proposed the results to assure the proposed control
algorithm's performance after applying to the dynamic
equations. In addition, we designed an LMlI-based H.,
controller to improve the control performance for
robustness against the parametric changes, modeling
errors and disturbances, and then accomplished the
simulation with them. Based on the above control
algorithm, the following results is obtained by the
simulation.

First, it can be affirmed that the proposed \controller
has the better control performances on nonlinear
parametric change, modeling error and in particular,
under any disturbances. Second, it has a stable tracking
performance for input command of ballistic trajectory
calculator for the angular velocity control of
stabilization mode and the angle control of follow mode,
and has more excellent stabilization performance in the
azimuth direction for sinusoidal input than in the
elevation. Third, we obtained a nice and well
performance in time domain by the experiments after
mounting the system on the track vehicle in driving on
both paved and bump course. Finally, we concluded that
the proposed LMl-based H, controller had good
disturbance attenuation and reference input tracking
performance under the real disturbances, compared with
the control performance of conventional controller under
any real disturbances.

5.2 Suggestion for Further Research

To further improve the robust control for the
track-vehicle's LOS stabilization system, there must be
a progressive development of feasible algorithm and the
improvement of the kinematic gimbal structure which
can overcome the constraints for azimuth and elevation
angle. Furthermore, the stability of the proposed robust
controller must be scrutinized before applying this
algorithm to real system under real disturbances.
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